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Roughly one third of the continental United States is underlain

by rocks that may have a potential for ground collapse as a result of
solution processes, pseudokarst conditions, or mining activity. The

Purpose of this report is to review and describe the current state of

knowledge in dealing with engineering problems arising from these
sources where they might affect the safety of nuclear facilities.

The subject matter of this study includes the integrity and proper

functioning of foundations and water-retaining structures, engineering
measures to deal with cavities and related conditions, and investigations

to develop the information needed for those purposes. Thus, four major

functional issues are identified, and these are taken as the conceptual
framework for the study: (1) Prediction. Major considerations are the

geological conditions and processes leading to development of cavities

and related features, and consequent ground collapse; geographical dis-
tribution of such conditions; and indicators, or warning signs, that the

potential for ground collapse requires evaluation at a particular site.

(2) Detection. Methods of exploration to detect and delineate possible

cavities and associated features; exploration planning; conventional

site investigations; remote sensing methods; hydrological investigations;

geophysical methods; and probabilistic considerations. (3) Evaluation.

Mechanisms of ground collapse and sinkhole development; the nature of

threats to structural foundations and water-retaining structures; anal-

ysis of stability; critical sizes and depths of cavities. (4) Treatment.

Engineering remedies for problem conditions under structural foundations

and reservoirs; treatment of sinks, solution-widened joints, solution

cavities, and mined openings; potential problems caused by treatment;

Post-construction monitoring; provisions for future treatment.

Discussions of these issues and of approaches to resolving them

include descriptions of methodology and currently available techniques,
principles of operation, applicability, and limitations. Sources of

additional information are identified in an extensive list of references.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

Units of measurement in this report follow the usage of the original

sources. Where U. S. Customary Units are used, they can be converted

to metric (SI) units as follows:

Multiply By To Obtain

feet 0.3048 metres

feet per second 0.3048 metres per second

inches 0.0254 metres

pounds (mass) 0.45359237 kilograms

pounds (force) 4.448221615 newtons

pounds (mass) per cubic foot 16.o1846 kilograms per cubic metre

pounds (force) per sq foot 47.88026 pascals

pounds (force) per sq inch 6.894757 x 103 pascals
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CHAPTER I: INTRODUCTION

Where underground openings occur or are suspected at the site of

a nuclear power plant or other important structure, it becomes necessary

to evaluate the potential for ground collapse or subsidence that might

be caused by such openings, and sometimes to devise remedial treatments.

The geological and engineering problems involved are extremely demanding.

However, they cannot always be avoided by choosing an alternative site

in an area that is known to be above suspicion. Areas in which geological

conditions or the activities of man can produce the potential for subsi-

dence or collapse into underground openings cover a substantial portion

of the continental United States.

Cavities or underground openings may occur as a result of solution

activity in carbonate rocks or other soluble rocks; as caves in volcanic

lavas; through mechanical erosion in weakly indurated sedimentary rocks;

or as man-made excavations, most commonly underground mines, which may be

poorly mapped, unmapped, or even unrecorded and forgotten. To some

degree, resulting problems of exploration, problems of structural support,

and engineering solutions to those problems are interchangeable, although

the morphology of the openings and associated features may be very differ-

ent.

The purpose of this report is to review pertinent current knowledge

that will be of assistance in dealing with potential ground collapse or

subsidence that could affect the safety of foundations or the performance

of water-retaining structures at the sites of nuclear facilities. The

material is, of course, also applicable to many other kinds of important

projects. The basic issues involved may be characterized as: (a) predic-
tion, (b) detection, (c) evaluation of the hazard, and (d) treatment.

Prediction involves a determination that the geological conditions

at the site are or are not such that a potential for ground collapse may

exist. Involved in this determination are questions of what conditions

of geology, hydrology, climate, and cultural activity may be associated

with the development of underground openings and possible ground collapse,
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and what geographical areas have been found to be susceptible to ground

collapse. These questions are discussed in Chapter II of this report.

During the exploration of the site and the construction of the

facility, it is essential that any cavities that could affect the safety

of the structure be detected and sufficiently well defined and located

so that appropriate remedial measures can be applied. Methods of site

exploration, and particularly their applicability to the detection and

definition of underground openings, are discussed in Chapters III and IV.

Partici1 r emphasis is given in this report to two areas within the larger

topic of site exploration, because both have seen intensive developmental

effort in recent years, have particular applicability to the investiga-

tion of possible underground openings, and appear to be on the threshold

of attaining greatly increased importance in site investigations for

important projects. These are geophysical methods of exploration and

probabilistic considerations in planning site investigations. Chapter IV

is devoted to geophysical methods of exploration, while other methods

have been grouped in Chapter III under the heading of "Conventional

Methods." The discussion of probabilistic considerations is applicable,

in the present state of development, primarily to the use of borings, and

so is included in Chapter III.

Evaluation of the hazard involves the identification of failure

mechanisms, the likelihood of failure under various conditions, and

the way in which such parameters as the size, number, and depths of under-

ground openings affect the likelihood of failure. Also, a decision must

be made as to whether existing conditions are amenable to remedial

measures. These questions are discussed in Chapter V. Treatment of

unsatisfactory foundations by means of engineering remedies such as

backfilling or grouting is discussed in Chapter VI.

As mentioned in the preceeding paragraphs, the subject matter of

this study is foundation safety on sites that may have subsurface

cavities, a topic which is taken to include the integrity and proper

functioning of foundations and water-retaining structures, engineering
measures to deal with cavities (and associated conditions), and investi-

gations to develop the requisite geological and engineering information

2
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for those purposes. Other diverse issues, some of great importance,

are connected with land use on such terrains, especially karst terrains.

Such issues are excluded from consideration in this report on the ground

that its scope must have finite bounds. Among the excluded issues are

questions of ecology, water supply, water quality, and other questions

of hydrology that do not bear on foundation safety as defined above.

Also excluded are problems of subsidence resulting from causes unrelated

to cavities, such as consolidation of soft soils or withdrawal of oil

or water from porous reservoirs.

V.f
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CHAPTER II: THE ORIGINS OF UNDERGROUND OPENINGS

THE KA ST ENVIRONNENT

Definition

The term karst is a Germanized form of the Slovene word kras and

the Italian word carso, both indicating bare, stony ground. Karst signi-

fies a terrain of limestone, dolomite, or gypsum, with a type of topo-

graphy that is formed by dissolving or solution, and that is characterized

by closed surface depressions or sinkholes, caves, and underground

drainage (American Geological Institute, 197h). Areas of karst topography

possess a unique overall environmental character in terms of surface

morphology, lithology, underground openings, and surface and subsurface

hydrology. These elements are critical to exploration and to the analy-

sis and design of structures.

Morphology

Areas of karst exhibit characteristic surface and subsurface mor-

phological features which may be indicative of potentially unstable sites.

The terminology for these features is complex and definitions exist for

a myriad of forms. A simplified terminology (U. S. Geological Survey,

1970a) for surface and subsurface morphological forms is given below.

Surface morphology

Probably the most characteristic surface form is the roughly

circular, closed depression. Such features are called sinks, or sinkholes,

or dolines. The outlet (if present) at the base of a sinkhole or a
conduit leading downward is called a swallow hole or ponor. Sinkholes

that are partially filled with clay or rock rubble are called filled

sinkholes. Although all karst sinkholes are ultimately caused by solu-

tion, some are produced by the solution and collapse of roofs of under-

ground openings. The latter feature is called a collapse sinkhole (and

4



can occur in association with mined openings) whereas a sinkhole produced

by solution alone is a solution sinkhole. A large depression formed by

the coalescence of several sinkholes is a uvala. Figure 2.1 is a topo-

graphic map showing a sink-dominated landscape in Kentucky. Collapse

sinks are often filled with coarse, angular rock fragments called breccia

or collapse breccia. Solution sinks are usually filled with fine-grained

material. The residual soils developed over limestone in some karst

areas are relatively fine-grained and reddish in color; these soils are

termed terra rossa. This material often lines the sides of unfilled

solution sinks and occurs as fill material in filled sinks. Terra rossa

soils are not universally present in karst areas, however.
Sinks whose bottom outlets have been plugged by these fine-grained

soils will fill with water, forming karst ponds or karst lakes. These

lakes or ponds may be ephemeral and drain periodically when the plugging

material is eroded out.

Aside from the topographic irregularities due to the presence of

sinks, the overall topography of some karst areas may be quite flat.

Such areas are called karst plains and generally occur in regions of

flat-lying rock. However, not all regions of flat-lying rock produce

karst plains. A hummocky topography may also occur, particularly in

tropical areas. The relief in karst areas is a function of climate,

lithology, stratigraphy, geologic structure, and stage of karst develop-

ment. For a more comprehensive treatment, see Sweeting (1973).

A karst environment may be either relatively modern, that is,

formed during geologically recent (Holocene) or at most, Quaternary time,

or it may be ancient, in which case it is called paleokarst.

Subsurface features

The most familiar subsurface features found in karst areas are

-jcaves and caverns. As with sinkholes, these features involve both solution

and collapse. Generally, underground openings to be classed as caves

5;, 1
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must be of natural origin and must be of such size that a person can

enter the opening. Caverns are considered caves of larger-than-average

size. However, underground openings larger than pores occur in a range

of sizes from small vugs measured in millimetres to large caverns

measured in tens of metres. Also, underground openings smaller than

caves as defined above may be of engineering significance. As will be

seen in later naragraphs, solution may occur along joints and bedding

planes, producing openings which may be quite extensive but yet not of

sufficient dimension to permit access. In view of possible confusion

attendant to the use of the term cave, it is recommended that the term

cavity be used as a general term for all underground openings, whether

natural or man-made, larger than a few millimetres. Linear or elongate

cavities that are vertical are called joint cavities, grikes, or solution

joints, and those that more or less follow bedding planes are called

bedding-plane cavities.

Underground openings may have variable dimensions and exhibit either

extremely simple or extremely complex geometry. The possibility that a

particular karst area may exhibit a complex, three-dimensional network

of underground openings makes site exploration more critical and more

complicated than that conducted in nonkarst areas. Usually the degree

of complexity is a function of geologic structure, discontinuity charac-

teristics, and geomorphic history. Some understanding of the impact of

these three factors may permit the estimation of the degree of complexity

of cavern patterns in a given area. However, even having this under-

standing may not permit adequate prediction of caves and solution features

in some areas.

Other features

Certain other morphological features characterize karst terrain but

may not necessarily be classed as surface or subsurface. Of particular

importance in limestone terrains is the relation between the residual

soil and the parent rock, and the nature of the bedrock surface.

The thickness of residual soil (terra rossa or other types) lying

above the parent limestone may be quite variable both locally, at a given

**-Dim



site, and geographically. This natural variability precludes hard-and-

fast rules for estimating soil thickness. Even so, there are several

factors that may permit qualified estimation of thickness; these factors,

which will be discussed in later sections, are (a) the nature of the

limestone, (b) climate, and (c) stage of karst formation. Related to

the variability of soil thickness is the irregularity of the bedrock

surface at given sites. The irregularity and unpredictability of the

surface is caused, in part, by differential solubility of the limestone,

and may require a significantly greater exploration effort to define

top of rock than in nonsoluble rock. Figure 2.2 illustrates an irreg-

ular limestone surface exposed in a quarry. The solutional openings are

joint controlled. Another significant characteristic of the soil-rock

interface is the abrupt nongradational transition from soil to rock;

that is, there is often an absence of a well-defined zone of weathered

rock. However, this lack of transition may be deceptive during drilling.

Often, apparently sound rock may be succeeded by variable thicknesses

of soil alternating with sound rock to considerable depth.

In glaciated areas, residual soils may be absent altogether; in the

northern United States, glacial drift covering karst areas is common.

Many examples of collapse features in glaciated karst are seen, e.g.,

in Minnesota and Michigan. Such features may on occasion be mistaken

for kettles.

Differential solution may produce groove-, furrow-, or channel-

shaped depressions on limestone surfaces. These may be exposed at the

surface or may be covered by terra rossa soils. These depressions are

often elongate and may be somewhat regular in appearance, and are

superimposed upon the otherwise irregular limestone surface. The depths

of these channels range from a few millimetres to more than a metre.

These differential solution features are called karren or lapies. An

example of irregular lapies in Indiana is shown in Figure 2.3.

Origin and Classification of Soluble Rocks

Soluble rocks, for the purpose of this report, include those sedi-

mentary rocks that are appreciably soluble in water or weakly acidic

solutions. Such rocks include carbonate types, chiefly limestones and

8
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Figure 2.2. Terra Rossa resting on limestone in which
are solution-enlarged joint openings. (Thornbury, 1969.)
Copyright, John Wiley & Sons, Inc. Reprinted by permission.

Figure 2.3. Lapies near Mitchell, Indiana. (Thornbury, 1969.)
Copyright, John Wiley & Sons, Inc. Reprinted by permission.
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dolomites, and evaporites, of which halite, gypsum, and anhydrite are

the most common.

Carbonate rocks

These rocks comprise approximately 22 percent of the stratigraphic

column in the United States, and for the most part reflect deposition

in shallow-water marine environments. Whereas limestones consist pre-

dominantly of calcite, or ur-ommonly the polymorph aragonite, with

minor dolomite, quartz, feldspar, etc., the rock dolomite consists

predominantly of the -ineral dolomite with subordinate amounts of

calcite, quartz, etc. The otigin of dolomite is the subject of some

controversy, but it , trobable that most dolomite originates from the

diagenetic alteration and recrystallization of limestone. Consistent

with such a mode of origin is the observation that dolomite is more

common in geologically older stratigraphic sections. Limestones consist

of four distinct components: (a) Allochems. This principal component

includes shells, shell fragments, and other organic detritus; olites;

intraclasts; and pellets of various kinds; all of which have originated

within the basin of deposition. (b) Terrigenous grains. These Pre the

subordinate, mostly noncarbonate clasts which have been derived from

land and usually consist of quartz, feldspar, and clay minerals.

(c) Orthochems. The orthochems are coarse-grained mineral cements,

usually sparry calcite, which fill the void space between allochems

and/or terrigenous grains; usually orthochems are precipitated authigene-

tically or during early diagenesis. (d) Micrite. This is microcrystal-

line, calcitic material of silt or clay size analogous to the terrigenous

silt and clay matrix of sandstones. This material may fill void spaces

between allochems. Generally void spaces are filled by either micrite or

orthochems; combinations of these materials are not common. The allochems,

orthochems, and micrite are susceptible to solution.

The classification of limestones is based upon the type of predom-

inant allochem present and whether the void space is filled by ortho-

chemical cement or by micrite. Thus, a rock consisting of predominant

10

- '~ -- ~-------w.


